The cage escape efficiency r/ce of radicals in the electron transfer quenching of triplet methylene blue by ferrocene in acetonitrile was found to be sensitive towards an external magnetic field. The field dependence of the effect corresponding to a monotonic decrease of Bee was determined in a field range from 0.0 to 3.2 T, where it reaches a value of -20.7%. The effect is analyzed in terms of a spin chemical model wherein the effective rate of geminate reverse electron transfer, regenerating the singlet ground state of the reactants, becomes magnetic field dependent due to magnetic mixing of non-uniformly reactive spin sublevels by the anisotropic Zeeman interaction. From the analysis, the absolute values of the rate constants of spin-allowed reverse electron transfer (605 ns-~ ), cage escape (15 ns-~ ), and electron spin relaxation in the ferricenium cation (154 ns -1) could be determined.
Introduction
Magnetic field effects on chemical reaction kinetics are due in most cases to some variant of the so-called radical pair mechanism [1] wherein diffusion, spin selective reactions and spin motion are combined into an intriguing reaction scenario [2] with spin correlated radical pairs (RPs) functioning as reaction intermediates [3] . The principle of spin conservation during an elementary chemical reaction step provides the basis of spin selectivity for a particular (usually the singlet) radical pair substate. Spin processes interconverting the four RP spin substates can therefore control the overall reactivity of the RP. It is through the effect an external magnetic field exhibits on the electron spin motion in the radicals of the pair that it can influence the kinetics and yields of such reactions.
The quantitative characteristics of the magnetic field effects are largely determined by the types of interaction that govern the intrinsic dynamics of spin motion. If it is a hyperfine interaction, as is the case in the classical areas of spin chemistry (chemically induced nuclear and electron spin polarization: CIDNP, CIDEP, and the magnetic isotope effects: MIE) the magnetic field dependence is saturated at rather low fields up to several hundreds of gauss. What can be learned from such experiments refers to the energetics of rather weak interactions and to kinetic processes with time constants down to some nanoseconds. In recent work about magnetic field effects on the photooxidation of RuU-trisdiimine complexes [4] [5] [6] [7] [8] we have shown that the concepts of the radical pair mechanism and the pertinent spin formalism can be generalized to systems with heavily perturbed spin states, namely to metal complexes with strongly spin-orbit coupled Kramers doublets from open-shell d-electron configurations. These systems require high magnetic fields to be affected but, in turn, evaluation of the magnetic field dependence affords access to reaction time constants and spin relaxation times in the ps time domain.
In this Letter we report a successful attempt to extend this type of d-electron spin chemistry to radical pairs involving the ferricenium ion, another most interesting case of a d 5 electron system.
For our investigations we resorted to the photooxidation of ferrocene (Fc) by the excited triplet of methylene blue (3MB ÷) a reaction that was first investigated by Farmilo and Wilkinson [9] and later studied in more detail by Kikuchi et al. [10] who focussed on a quantitative determination of the efficiency of free radical formation determined by the following processes: 
i.e. reductive quenching of 3MB+ by electron transfer from Fc producing a charge shifted state 3(Fc+..MB) which may dissociate into free radicals or undergo geminate reverse electron transfer to regenerate the ground state reactant. Kikuchi et al. considered the primary product as a triplet exciplex. Although the spin-forbidden nature of the reverse electron transfer from this species was recognized, the rate constant kisc.bct(kis c in their notation) was considered to be fast due to the strong spin-orbit coupling at the Fe centre. In the quenching experiments only the rate constant kq could be directly determined. The absolute values of the rate constants k~sc.b~ , and kce were not accessible but their ratio could be assessed from the efficiency tic e of free radical formation (cage escape). In fact, the value of 0.21 found for tic ¢ confirms the high rate of reverse electron transfer.
As we have shown in our previous investigations of Ru-complex spin chemistry [4] [5] [6] [7] [8] , in metal centered d-electron radicals the rate of spin processes may be comparable to that of fast electron transfer processes, so that magnetic modulation of the spin processes will lead to detectable kinetic effects from which the details of the geminate kinetics can be determined. Here we will show that this method is also fully applicable to the case of the (Fc+..MB ) system.
Experimental
Ferrocene (Fiuka) was recrystallized twice from ethanol. Methylene blue from the stock of the laboratory was purified by an extraction method according to the method of Bergmann and O'Konski [11] . The sample purity was checked by CHN analysis, thin layer chromatography and absorption spectroscopy (Amax=650 rim, emax=84 500 M-lcm -I in methanol). Acetonitril (UVASOL from Merck) was the solvent used for the experiments. Sample solutions were deaerated by flushing them with suprapure nitrogen (Messer-Griesheim, 5.0).
Nanosecond laser flash photolysis experiments utilizing a flow-through system with the flow-through sample euvette mounted between the pole pieces of a Bruker B-E 15 electromagnet were carried out with the equipment described in ref. [12] , however replacing the excimer pumped dye laser by a Nd-YAG laser (Quanta Ray GCR 150-5) operated at its second harmonic (532 nm). The pulse width was 5-7 ns. The laser energy was attenuated to 30 mJ per pulse. All measurements were done at room temperature.
Results and discussion

Transient absorption kinetics and magnetic field effect
Exciting methylene blue solutions with the laser pulse at 532 nm yields a transient absorption spectrum in good agreement with that described for 3MB+ in refs. [13, 14] . The addition of ferrocene, which itself has negligible absorption at the laser wavelength, leads to a shortening of the triplet decay corresponding to a quenching rate constant of 1.3 × 10 ~° M -l s -1 in good agreement with the value of 1.1 X 10 l° M-1 s-~ reported by Kikuchi et al. [10] . As a result of the quenching, a long-lived absorption characteristic of semireduced MB radical appears, providing evidence for the electron transfer nature of the quenching reaction. For a quantitative determination of the efficiency of free radical formation and its magnetic field dependence the transients were monitored at three wavelengths: 825 nm, the first absorption maximum of the T-T absorption of 3MB+, • 654 nm, the absorption maximum of the MB ÷ S O ~ S 1 absorption in acetonitrile and • 430 nm, the absorption maximum of MB', and also close to the second absorption maximum of 3MB+" Signals at 654 and 430 nm are shown in Fig. 1 . For these signals the concentration of Fc was high enough to ensure that the contribution of deactivation channels of 3MB+ other than quenching by Fc is negligible. Triplet quenching is completed after about 0.2 s. In the time window shown in the Figure the long-lived absorption exhibits only a slight decay which is due to the homogenous recombination reaction of Fc + and MB'. As exhibited by the transient signals, particularly at 654 nm, where ground state bleaching is seen, the yield of free radicals is much less than 1. Using the absorption coefficients given by Kikuchi et al. for the 3MB+ triplet at 825 nm and for the radical at 430 nm, our measurements yielded an efficiency r/c e = 0.20 of free radical formation from the triplet which compares well with the value of 0.21 reported by Kikuchi et al. [10] .
As can be clearly seen from Fig. 1 , the yield of free radicals (but not the triplet formation yield and the triplet quenching rate constant) is sensitive to a magnetic field. Increasing the field, reduces the free radical yield which is consistent with an acceleration of the overall rate constant of geminate reverse electron transfer by a magnetic field. Within experimental accuracy the field effects exhibited by the long-lived transients at 654 and 430 nm are the same. Due to a higher extinction coefficient of the ground state at 654 nm as compared to that of the radical at 430 nm the former signal shows a somewhat better signal to noise ratio. Therefore the signals at 654 nm were used for a quantitative determination of the magnetic field effect. This determination was based on a simulation of the ground state recovery kinetics using the relation
where A A 0 is the transient absorbance directly after the laser pulse, kef f is the effective first order decay constant and A A= is proportional to the concentration of free MB' radicals having escaped the geminate recombination process. In order to reduce data scatter caused by variations in laser intensity, all A A= were normalized by their corresponding A A 0 values: AA= a= - ), respectively. The kbc t values (687, 605, 519 ns -*, respectively) were adjusted so as to maintain a constant value of r/c e = 0.21 at zero field.
In Fig. 2 details of the magnetic field dependence of r/~ e are shown.
Analysis of the magnetic field effect
The spin chemical model
The spin chemical model applied here was originally introduced to account for the MFE in Ru(III)-complex/methylviologen radical pairs. It is described in detail in refs. [5, 6] . Here we give just a short summary.
Spin dynamics, chemical and motional kinetics of the radical pair are described by a stochastic Liouville equation, dp i dt
for the spin density matrix p of the pair represented in the following coupled basis of effective doublet spin states of the individual radicals:
T'+ = otot' ,
r' = #t3'.
Primed symbols are used where the effective spin states represent mixed spin-orbit states. Due to the spin-orbit mixed nature of the primed states the pair states defined in Eqs. (8) (9) (10) (11) are not pure spin states. Nevertheless, this basis of states provides for the maximum possible concentration of singlet and triplet character on the individual states (cf. below). For the explicit representation of the operators in Eq. (7) we refer to refs. [5, 6] . Here we shall only give a qualitative description and specify the parameters of the model. The spin Hamiltonian H is a pure Zeeman Hamiltonian specified by two axial g-tensor components gll and g ± of the complex and the isotropic g-factor of the organic radical. We note that in the basis given by Eqs. (8-11) the axis of quantization is defined parallel to the gll axis of the complex. Zeeman interaction causes coherent mixing of the given basis states. This behaviour is analogous to the ordinary A g-mechanism in radical pairs but more complex. The relaxation superoperator !'R accounts for the effects of spin relaxation in the paramagnetic complex due to rotation-independent contributions parametrized by a spin relaxation time r~ and spin rotational coupling determined through the rotational diffusion coefficient d r of the complex and its Ttensor components [15] . It should be noted, though, that the rotational contribution is only of minor importance compared to the rotation-independent one. Spin relaxation in the organic radical is completely neglected.
The reaction channels of the radical pair are described within the exponential model. The reaction operator k accounts for radical pair decay by reverse electron transfer and dissociation into free radicals. Whereas the latter, described by a rate constant kce, is considered as spin-independent, the former process is spin selective for singlet multiplicity. This is accounted for by assigning individual reaction constants Ps.ikbct tO the basis states, where Ps.i denotes the singlet character of substate i, and kbc t is the rate constant of a fully spin allowed reverse electron transfer.
The efficiency "Oce of cage escape is easily obtained from the time integrated solution of Eq. (7) which is calculated numerically. Finally, the rice values resulting for different complex orientations relative to the magnetic field are averaged over an isotropic orientational distribution.
Singlet character of the radical pair's formal spin states
In Dsd symmetry notation (corresponding to a staggered geometry) for the molecular orbitals, the ground state of the Fc ÷ radical is derived from an alge2g2 3 configuration [16] . The resultant 2E2s state is split due to spin-orbit coupling and orthorhombic distortion [17] yielding two Kramers doublets. Using the hole formalism and neglecting MO contributions from the Cp rings the representation of the lower one of these doublets is:
fl'=(cdx2 y2+isdxy)fl,
where s and c are sine and cosine, respectively, of some characteristic angle. They are related to the g-tensor components by:
gll = gc + 8Kcs.
Here K is a reduction factor accounting for the quenching of orbital momentum by the mixing of d-orbitals with ligand MOs and for the effects of dynamic Jahn-Teller distortion [18] , g~ is the g-factor of the free electron. It should be noted that although, according to Eqs. (12, 13) , the representation of the Kramers doublet components is factorized into a space part and a spin part, giving the a' state a pure character and the fl' state pure fl character, the space parts are partially orthogonal, i.e. we need a two-dimensional basis for the orbital part, the consequence of which will be that the set of radical pair states given in Eqs. (8) (9) (10) (11) are not fully transformable into a set of pure singlet and triplet substates. This consequence becomes evident when representing the pair states of Eq. (8-11) in a basis of pure pair spin states derived from the two configurations (dx2_y2'rr) and (dxy'rr) where 7r stands for the ~r-MO of the electron acceptor radical. The configurational origin of the corresponding states, two triplets and two singlets with altogether eight spin components, will be signified by indices 1 and 2, respectively. With these pure spin states the radical pair states are represented as:
S'= isT2. 0 + cS 1 .
As follows from these equations, T~ and S' are necessarily of spin-mixed nature. While T'+ and T'_ are of pure triplet character, both singlet and triplet character are distributed over T; and S'. Within the T~, S' subset a complete singlet-triplet separation is not possible because two different electronic configurations are involved. The singlet character of these states is given by s 2 and c 2, respectively, and can be expressed as:
2ge
Quantitative analysis of the observed magnetic field effect
The following values for the g-tensor components of Fc + can be found in the literature: 4. Assuming that the initially pure triplet spin multiplicity of 3MB+ is conserved in the creation of the radical pair, the initial populations of the primed radical pair substates are assumed to be distributed according to their triplet character, viz.
T~_ :1/3 T'_ "1/3 T;:0.825/3 S':0.175/3.
The contribution of spin-rotational relaxation is taken into account with an estimated value of D T = 7.5 ns-i for the rotational diffusion constant of Fc + and using the following relations that can be derived for the components of the y-tensor [19] : g± Y± = 2 = 0.65, Yll = gll -1 = 3.4.
The remaining free parameters of the model are kce, kbct, and r s. One degree of freedom for choosing their values is lost by the necessity of reproducing the experimentally observed absolute value of r/ce = 0.21 (we use the probably more precisely determined absolute value of ref. [10] instead of our value of 0.20 which, however, has no significant effect on the parameter values finally obtained). Thus, to fit its observed magnetic field dependence we are left with only two degrees of freedom. It turns out that the experimental observations can be nicely reproduced within rather narrow bounds of about 10% for all of the three parameters. The best-fit values are: kce = 15ns -I , kbc t = 605ns -I andz~ = 6.5ps.
The good quality of the fit can be judged from Fig.  2 , where the sensitivity of the calculated magnetic field effect with respect to a variation of ~-s is demonstrated. At least formally, this result provides strong evidence for the validity of our spin chemical model. More specifically, the model can be confirmed by comparing the spin chemical results with independent information available for the parameters kce and z s.
A value for the rate constant kce of cage escape may be estimated from the Eigen-Debye expression [20] which in the absence of a Coulomb interaction is given by
with D~ and D 2 the diffusion constants of the reactants and r their distance in the reaction complex. In acetonitrile, the diffusion constants of Fc and MB + are 2.18×10 -5 cm2s -l [21] and 1.1× 10 -5 cm2s -1 [19, 22] , respectively. Assuming the same values for the corresponding radicals and applying the Stokes-Einstein relation
yields effective radical radii of rFc = 2.9 ,~ and rMB = 5.8 .~ in fair agreement with the molecular dimensions of these compounds. Equating the reaction distance in the (Fc+..MB ) pair with the sum of these radii, i.e. with r = 8.7 ,~, we obtain from Eq. A convenient possibility of determining the spin relaxation time ~' s of Fc + by an independent method is through the T~ time of the ~H nuclei in the Cp ligands (cf. ref [23] for details of interrelation between nuclear and electronic spin relaxation in paramagnetic compounds). From inversion recovery experiments the T 1 time of Fc + protons in deuterated acetonitrile was found to be 0.657 ms [24] . Inserting this value together with the geometric data for the H-positions (2.86 A separation from the center at 54.0 degrees from the gll-axis [25] ) into the generalized Solomon-Bloembergen equation given by Bertini et al. (cf. Eq. (11) in ref. [26] ) yields a value of 5.7 ps for the electron spin relaxation time, in fair agreement with the spin chemical result.
Altogether, the accuracy of the fit achieved in the spin chemical simulation and the independent confirmation of two of the parameter values determined through this fit, provides convincing evidence that the conclusions drawn from the present analysis are valid. Thus the high value found for kt,ct the rate constant of (spin-allowed) backward electron transfer, corresponding to a time constant of about 1.5 ps, must be considered as reliable. Certainly, such fast electron transfer processes are possible if the free energy of the reaction places it close to the activationless Marcus region and electron transfer rate constants of such order of magnitude have in fact been measured in linked donor-acceptor systems. However, they cannot be directly observed in systems where donor and acceptor have to find each other in free diffusion because in this case the formation of the radical pair is slower than its decay. Under such conditions of freely diffusing systems, the spin chemical method seems to be unique in providing absolute rate data for geminate processes.
Conclusions
The magnetic field effect on ferrocene photooxidation kinetics described in this letter represents a significant step in extending the applications of delectron spin chemistry as initiated with our studies on Ru-trisbipyridyl type complexes to a larger group of transition metal compounds. Whereas in experiments with Ru-trisbipyridyl complexes photoexcitation was effected through the metal complex, a triplet excited dye is used to produce the spin chemically active radical pair with a d-electron radical constituent in the present experiments. Since longlived photoreactive states suitable for intermolecular electron transfer -among which Ru-complexes figure so prominently -are the exception rather than the rule among transition metal complexes, the present method has a much wider potential for creating spin-chemically interesting radical pairs with paramagnetic components from the d-block elements.
The analysis of the magnetic field effect carried out in this work has, once more, demonstrated the validity of our spin chemical model wherein the electronic structure, the static and the dynamic magnetic properties of the d-electron system are quantitatively taken into account, in the reaction operator, the spin Hamiltonian and the relaxation operator, respectively. The determination of absolute values of rate constants of cage escape, backward electron transfer and fast paramagnetic relaxation attests to the practical value of this model for detailed kinetic studies.
